The properties of mutant glucoamylases（GlaBs） from Aspergillus oryzae H-1 and G-4 strains with a high level of GlaB activity were compared with those of native GlaBs from parental strains. Amino acid compositions of both mutant GlaBs were different from those of native GlaBs, with a particular decrease in Ser residue of mutant GlaBs. Moreover, N-linked suger chains of native and mutant GlaBs were considered a complex or hybrid type, and not a high mannose type. Because N-linked sugar chain of each GlaB mainly consisted of galactose and N-acetylglucosamine, there was little mannose. Since a little more galactose and N-acetylglucosamine combined per mannose were found in the N-linked suger chains of mutant GlaBs than of native GlaBs, this suggested that each N-linked sugar chain length of mutant GlaBs was possibly shorter. Native GlaBs were not deglycosylated with Endoglycosidase H, while both mutant GlaBs were deglycosylated. This result suggests N-linked suger chain structures of both mutant GlaBs changed from a complex type in native GlaBs to a hybrid type. In circular dichroism spectra analysis, Tm values of GlaBs from H-1 and G-4 strains were approximately 53℃ both, and thus similar to Tm of native GlaBs. Therefore, the thermostability of mutant GlaBs was shown as not being affected by mutation.
Introduction
Koji mold ( Aspergillus oryzae ) is widely used in the fermentation industries of such traditional Japanese food products as miso and soy sauce, as well as sake, a traditional alcoholic drink. In many of these industrial applications, A.oryzae is cultured on such cereals grains as rice, barley, wheat bran, and even soybean. This style of cultivation is a solid-state culture-the so-called koji culture. During solid-state culture, A.oryzae produces large amounts of various enzymes and secretes them into a medium. Specifically, in high grade sake brewing, glucoamylase (α-1,4-glucan glucohydrolase EC 3.2.1.3, GlaB) produced by A.oryzae in solid-state culture (rice-koji) is purportedly the most important enzyme. Because glucoamylase hydrolyzes the non-reducing end of starch and yield glucose, its level of activity has an effect on alcohol fermentation and flavoring by using yeast [1] . However, in solid-state culture during sake brewing, A.oryzae strains that produce abundant glucoamylse are also known to produce a lot of tyrosinase in relation to the browning, resulting in the production of an unfavorable black sake cake called kurokasu [2, 3, 4] . This led to the hypothesis that A.oryzae glucoamylase-encoding gene and the tyrosinase-encoding gene are subject to common regulation in solid-state culture [5, 6, 7] . Therefore, this browning phenomenon has been serious problem in the breeding of high-glucoamylase mutants.
We previously obtained A.oryzae mutant strains with properties of high GlaBs activity, with either low melanization, and characterized GlaBs purified from mutant strains to examine the cause of this high activity. It was found that the specific activities were apparently equivalent to those the parental strains. However, the primary structure and sugar chain of GlaBs might be subject to change by the mutation of amino acids etc., and the thermostability of enzyme proteins may differ [ 8] .
In this study, we analyzed the amino acids composition of GlaBs, the saccharide composition of sugar chain, and thermostability and other aspects of each GlaBs to characterize glucoamylases from mutant strains. As a result, GlaBs from mutant strains made clear that a change happened for primary structures and sugar chain structures.
Materials and Methods

Microorganism and enzyme preparaion
This study used Aspergillus oryzae H-1 and G-4 strains isolated in our laboratory as high-activity GlaB mutants as previously described [8] . GlaBs of mutant strains and its parental strains (commercial strain of A. oryzae, Hikami-type and Ginka) were purified from solid-state culture as previously described [8] 
Enzyme activity assay and measurement of protein
GlaB activity was measured according to the method of Iwano et al [9] . One unit of the GlaB activity was defined as the amount of the enzyme that liberated 1mg of reducing sugars per hour at 40°C from soluble starch.
The protein concentration was determined by the method of Bradford using bovine serum albumin as the standard [10] .
Analysis of amino acid composition
GlaBs (250 μg) dissolved in 400 μl of 5.6 N HCl in a sealed tube were hydrolyzed at 110°C for 20 hours. Each solution was evaporated in vacuo and the residue dissolved in pure water. Separated amino acids were quantified using the JEOL JLC-500/V amino acid analyzer.
Analysis of saccharide composition
GlaBs (250 μg) dissolved in 1.12 ml of 4 N HCl in a sealed tube were heated at 100°C for 5 hours. Each solution was evaporated in vacuo and the residue dissolved in satd.NaHCO 3 was N-acetylated with acetic anhydride. The reaction mixture was passed through AG 50W×8 (Bio-Rad) to remove amino acids and then lyophilized. The product pyridylaminated using PALSTATION Pyridylamination Reagent Kit (TAKARA,Shiga,Japan) made by TAKARA PALSTATION was injected onto PALPAK TypeA (TAKARA,Shiga,Japan) and eluted with 0.7M K-Borate buffer (pH 9.0) / acetonitrile (90/10, v/v). Each peak was compared with the retention time of PA-monosaccharaide standards (TAKARA,Shiga, Japan) for identification.
Deglycosylation treatment of GlaBs
GlaBs were deglycosylated with N-Glycosidase F (PNGase F ; TaKaRa,Shiga, Japan), Endoglycosidase H (Endo H ; BioLabs, New England, USA), and Glycopeptidase A(PNGase A ; Seikagaku, Tokyo, Japan). Desalted native GlaBs (20 μg) were dissolved in 20 μl of each optimal buffer, and then incubated with 1mU of PNGase F, 500 U of Endo H, and 0.25 mU of PNGase A for 24 hours at 37°C. In denature condition, desalted GlaBs (20 μg) were dissolved in 20 μl of each optimal buffer containing 0.5% SDS, and then denatured at 100°C for 10 minutes before the deglycosylation enzyme was added. The reaction mixture was subjected to SDS-PAGE.
Electrophoretic analysis
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was conducted on 12.5% polyacrylamide gel by the method of Laemmli [11] . Proteins on the gel were stained with CBB. The molecular masses were estimated by using a low molecular weight calibration kit (Amersham Biosciences) as standard proteins.
Lysyl endopeptidase digestions of denatured GlaBs
Desalted GlaBs (45 μg) denatured by heating treatment were dissolved in 0.2M AMP buffer (pH 9.5), followed by the addition of 0.2 μg (0.2 U) per 10 μl of Lysyl endopeptidase (Wako, Osaka, Japan). The reaction mixture was incubated for 4 hours and 24 hours at 37�, and then evaporated after desalting.
Reverse-phase HPLC of digests of GlaBs
Each digest of GlaBs was separated by reverse-phase HPLC using a Waters 626 pump and 2487 dual λ UV detector (Waters, Milford, MA, USA) with a YMC-Pack Pro C18 AS12S03-1001WT, I.D.100×1 mm column (YMC, IshiKawa, Japan). The digests were dissolved in water to concentration of 10 μg per μl, and then 20 μl (200 μg) of the solution were injected. The peptides were detected at 215 nm based on the absorption of peptide bonds. Eluent A (H 2 O, 0.05% formic acid) and eluent B (acetonitrile, 0.05% formic acid) were used for the reverse-phase HPLC. The HPLC system was operated at flow rate of 50 μl with following gradients: 0 -10 min., 0%B; 10 -260 min., 0 -80%B; 261 -270 min., 80 -90%B; 271 -300 min., 90%B.
Circular dichroism (CD) spectra measurements
CD spectra of GlaBs obtained by heating every 2°C from 40 to 64°C for 5 minutes were measured by JASCO J-725 spectropolarimeter in a cuvette with a 2-mm path length. Concentrations of the enzyme were adjusted to 0.4 mg per ml in 50 mM acetate buffer (pH 5.0). Spectra were connected for baseline shifts by running samples of solvent buffer in the ultraviolet region (240 -190 nm). For determination of Tm values the intensity at 218 nm were used.
Results and Discussion
Amino acid composition of GlaBs in parental strains and mutant strains
The amino acid compositions were shown at the proportion of each amino acid in each whole protein, and were compared between native and mutant GlaBs. Although as a result the composition quantities of amino acids of most parts in each native GlaBs were also almost the same as those of mutant GlaBs, there were significant differences in some amino acids (Table  I ). In particular, it became clear that a considerable difference occurred in the Ser residue, and thus causing a decrease in 2.8 mol% in H-1 strain GlaB in comparison with the parental strain. When we assume a total of 493 amino acid residues of GlaB [7] , the 2.8 mol% in H-1 strain corresponds to about 14 residues. The 1.8 mol% in G-4 strain corresponds to about 9 residues. The Ala and Thr residues showed a similar tendency to decrease in both mutant GlaBs. However, an ingredient of N-acethylglucosamine origin may be included in the analysis value of this Ala. On the other hand, Val and Ile residues increased in both mutant GlaBs. In this way the same tendency was observed in both the increase and decrease of amino acid composition for both mutants. Only the proline residue appeared as a result of objection with both stains. Thr or Ser residue is a motif constituent amino acid of the N-glycoside linked sugar chain. Still, although both residues are also related to the O-glycoside-type sugar chain, in A.oryzae the O-glycoside-type sugar chain has not been confirmed [12] [13] [14] [15] [16] [17] . In spite of the considerable differences in amino acid composition as described above, especially in Ser residue, it is very interesting that these differences had no effect on specific activities [8] . Therefore, mutations apparently do not occur in amino acid residues related to activity. 
Deglycosylation of GlaBs with dglycosylating enzymes
In order to confirm the differences in N-linked sugar chain structure between the parental stain and mutant GlsB, both were deglycosylated with three types of deglycosylating enzymes (PNGase F, Endo H, and PNGase A). Figures 1 to 3 show the results of SDS-PAGE of the parental strain and mutant GlaBs deglycosylated with each deglycosylating enzyme. Through PNGase F treatment (Fig.1) , the parental strain and mutant GlaBs were nat deglycosylated in a non-denaturiing condition, while their deglycosylated GlaBs was shifted to 55 kDa on SDS-PAGE. The PAS stain regent did not stain these bands, thus suggesting that native and mutant GlaBs were completely deglycosylated. PNGase F reportedly exhibits deglycosylation activity on complex, hybrid, and high mannose types of sugar chains [19] , [20] . 
Amino acid
The results of deglycosylation by Endo H treatment, however, were found different between native and mutant GlaBs (Fig.2) . In both non-denaturing and denaturing conditions, both mutant GlaBs were completely deglycosylated, and by SDS-PAGE showed a band corresponding to 55 kDa -the same as in PNGase F treatment. The native GlaBs were partially deglycosylated, however, with slightly reduced molecular weight on SDS-PAGE. Moreover, the PAS stain reagent stained their bands. Because the complex sugar chain was not deglycosylated with Endo H [20] , it was conjectured that although the sugar chains of native GlaBs were of the complex type, those of mutant GlaBs were of the hybrid type. These results were supported by the increase of mannose in the sugar chains of mutant GlaBs.
Carbohydrate composition of sugar chain of GlaBs in parental strains and mutant strains
Addition of an N-linked sugar chain in GlaB of A.oryzae is now known [18] , and the possibility of an important influence on an enzymatic property has been considered. Therefore, the quantity of each composition monosaccharide was analyzed after hydrolysis to examine the confirmation of sugar chain mutation in mutant GlaBs. Table II lists the carbohydrate compositions. Mannose (Man), galactose (Gal), N-acetylglucosamine (GlcNAc) were detected as constituent sugar in native GlaBs and mutant GlaBs. A ratio of compositions has little Man, mainly Gal and GlcNAc (approximately 1:1). Therefore, it is apparently a complex or hybrid type, and not a high mannose type. Man clearly increased in the sugar chain of both mutant GlaBs, and pmol of Man in G-4 in particular more than doubled in native GlaB from Ginka stain. GlcNAc and Gal both decreased in mutant strain H-1. Conversely, both increased in mutant strain G-4. When we assume that their sugar chains were a complex type, the numbers of Gal and GlcNAc for one Man in the core structure in a sugar chain of both mutant GlaBs were 6 to 9 and calculated to be a half-degree of those in a sugar chain of the parental strains. Thus, it is believed that their sugar chains are shortened.
Through PNGase A treatment (Fig.3) in the SDS denaturing condition, deglycosylated GlaB of only the Hikami-type strain (parental strain) showed multiple bands corresponding to a range of 55 to 60 kDa and the other GlaBs were poorly reduced in terms of molecular mass. Their bands including the Hikami-type strain GlaB were stained on SDS-PAGE by the PAS stain reagent. Consequently, the sugar chains of GlaBs were apparently not entirely deglycosylated with PNGase A. PNGase A-having a broad substrate specificity as well as PNGase F-is affected by a steric sugar chain structure [21] , [22] . Both sugar chains of the parental strain and mutant GlaBs were remarkably large, so PNGase A could not completely deglycosylate those GlaBs. These differences in saccharide composition and deglycosylation by each deglycosylating enzyme showed that the sugar chains of mutant GlaBs were apparently mutated. From these result, carbohydrate compositions of a mutant GlaB sugar chain were found to differ from those of native GlaBs, and thus suggests a variation in their sugar chain structures.
Through such deglycosylating enzyme processing, it became clear that the molecular weights of the polypeptide of mutant GlaBs were the almost same as those of native GlaBs, and their molecular masses were estimated to be 55 kDa by SDS-PAGE. The molecular mass of A.oryzae GlaB from the same solid-state culture is reportedly 52,402 Da [7] . Therefore, as a result of having been provided this time, it is clear that there is no significant change in molecular weight. Change in the sugar chains of these mutant GlaBs are believed dependent on variations in the enzyme system related to N-linked sugar chain processing. Denature : GlaBs with SDS denaturation before deglycosylation, Native: GlaBs without SDS denaturation before deglycosylation, Con : Control*(GlaB from Hikami-type strain:Not deglycosylation treatment), A : Hikami-type strain (parental strain), B : H-1 strain, C : Ginka strain (parental strain), D : G-4 strain *Control of the other GlaBs are showed same band as control of GlaBs Hikami-type strain.
Peptide mapping of GlaBs with lysyl endopeptidase
Amino acid composition analysis suggested variations in the primary structure of mutant GlaBs. Therefore, we digested native and mutant GlaBs with lysyl endopeptidase to clarify variations in the internal amino acid sequence and compared patterns of separation. Figure 4 shows a peptide map of each GlaBs. The peptide maps for both mutant GlaBs closely resemble those of native GlaBs, but the elution patterns in HPLC were partially different and the peaks of some peculiarity were recognized for each GlaB. Therefore, the peptide maps in mutant GlaBs that occurred through enzyme digestion were different from those in native GlaBs, and apparently a change in part of an amino acid sequence could be confirmed. 
Thermostability of GlaBs by a CD spectrum analysis
It was believed that the primary structure and sugar chain for both mutant GlaBs changed as stated above. As for the mutant GlaBs, those specific activities were not influenced as already reported [8] . Next we investigated the influence on the thermostability of a Fig.3 SDS-PAGE of deglycosylated GlaBs from parental strains and mutant strains with PNGase A three-dimensional protein structure by measuring Tm values along a thermo-denaturation curve using a CD. The value at 218 nm in CD spectra at 30°C before treatment was 100%. Figure 5 shows the results. The Tm values of both these GlaBs did not differ with about 53°C. Therefore, we understood that the primary structure and variations of sugar chains confirmed in mutant GlaBs did not have an influence on thermostability. Fig.5 Thermal stability of GlaBs from parental strains and mutant strains by CD spectra measurements Spectral signals were monitored at 218 nm during heating from 40 to 64 and the degree of denaturation of the vertical axis were given as percent of the total observed change. (A) GlaBs of Hikami-type strain (parental strain : •) and H-1 strain (○) (B) GlaBs of Ginka strain (parental strain : ▲) and G-4 strain (△)
